Interaction of organic matter (OM) with soil mineral components plays a critical role in biophysical organization (aggregate structure) as well as in biogeochemical cycling of major elements. Of the mineral components, poorly-crystalline phases rich in iron (Fe) and aluminum (Al) are highly reactive and thus contribute to both OM stabilization and aggregation. However, the functional relationship among the reactive metal phases, C stability, and aggregation remains elusive. We hypothesized that relatively young C acts as a binding agent to form the aggregates of weak physical stability, whereas the reactive metal phases and older C bound to them contribute to stronger aggregation. Using four surface horizons of Andisols having a gradient of soil C concentration due to decadal OM management, we conducted sequential density fractionation to isolate six fractions (from <1.6 to >2.5 g cm −3 ) with mechanical shaking, followed by selective dissolution and radiocarbon analysis. After 28 years of no-till with litter compost addition, not only C and N but inorganic materials including the reactive metal phases (pyrophosphate-, oxalate-, and dithionite-extractable metals) showed clear shifts in their concentrations towards lower-density fractions (especially <2.0 g cm −3 ) on a ground-area basis. This result was explained by the binding of compost-derived OM with soil particles. Major portions of the reactive metal phases in bulk samples were distributed in mid-density fractions (2.0-2.5 g cm −3 ) largely as sonication-resistant aggregates. Theoretical density calculations, together with depletion in radiocarbon (∆ 14 C: −82 to −170‰) and lower C:N ratio, implied that the sorptive capacity of the reactive metal phases in these fractions were roughly saturated with pre-existing OM. However, the influx of the compost-derived, modern C into the mid-density fractions detected by the paired-plot comparison suggests decadal C sink in association with the reactive metal phase. Our results supported the concept of aggregate hierarchy and further provided the following new insights. At the high hierarchy level where shaking-resistant aggregates form, soil organo-mineral particles appeared to be under a dynamic equilibrium and the changes in OM input regime controlled (dis)aggregation behavior due to the binding effect of relatively young C. At a lower hierarchy level, the reactive metal phases were bound to N-rich, 14 C-depleted OM and together functioned as persistent binding agent. Our study suggests that the recognition of binding agents and aggregate hierarchy level would help to untangle the complex organo-mineral interactions and to better understand soil C stability.
Introduction
Organic matter (OM) plays a critical role in both physical structuring and biogeochemical functioning of soil [1, 2] . Aggregates, subsets of soil structure, are naturally-occurring clusters of organic and mineral particles commonly found in surface soils where OM input is high. Binding of OM with soil minerals is considered as a fundamental process controlling both aggregate formation and OM stability [3] [4] [5] . However, the mechanistic relationship between the two remains unclear.
Soil aggregates have hierarchical structure and are considered to be maintained by multiple types of binding agents (e.g., glue vs. cement) that operate at different hierarchy levels [6] . OM acts as a primary binding agent at a high hierarchy level, responsible for the formation of macroaggregate (water-stable aggregates of >250 µm diameter) [7, 8] . These aggregates tend to be disrupted by weak energy such as tillage in the field and mechanical shaking in laboratory. In a wide range of soils, an in-situ formation of macroaggregates can occur in a few weeks after OM addition as plant residues and organic amendment [7] [8] [9] . Enmeshment by fine roots and fungal hyphae as well as gluing via microbial metabolites (e.g., extracellular polysaccharide) are considered as major binding mechanisms [3] . These living and dead OM are often called "ephemeral or transient" binding agents due to their high biodegradability [6, 7] .
Terminology
Soil particle is used in a broad sense to include purely organic primary particles (e.g., plant litter), primary and secondary mineral particles (e.g., quartz grain and kaolinite crystallite), and aggregated particles. We use the term aggregate to refer to any cluster of particles of all sizes from macro-and micro-aggregates down to submicron composites because even clay-and fine-clay-sized particles are largely clusters of particles [5, 14, 18] . Aggregate hierarchy level refers to the degree of aggregation according to the original concept [6, 9] and is recognized by the resistance of particles to different levels of aggregate disruption energy. Thus, aggregates present at a low hierarchy level represent physically-stable aggregates that survived stronger disruptive energy and thus tend to be smaller (more fragmented) compared to those at higher hierarchy level. Reactive metals in this study refer to the metals, mainly Fe and Al, extractable from soil by selective dissolution techniques (pyrophosphate, acid oxalate, or dithionite). The reactive metal phases extracted include monomeric metal cations (mostly Al and, to a less extent, Fe) complexed with organic ligands (often called organo-metal complexes), short-range-order (SRO) minerals such as allophane-and imogolite-type minerals including proto-imogolite, amorphous gibbisite, ferrihydrite, and nanocrystalline goethite, as well as minor fractions of more crystalline Fe and Mn oxides, hydroxides, and oxyhydroxides (e.g., [47] [48] [49] ). Silicon (Si) extracted by the oxalate and dithionite reagents is also reported together as it is a major component of allophane and imogolite-type minerals. We also report manganese (Mn) as a part of the reactive metals because of its co-occurrence with Fe, potential reactivity with OM, and linkage to trance metal dynamics (e.g., [50] [51] [52] ) in volcanic soils.
Materials and Methods

Study Site and Soil Properties
Our study site was the experimental agricultural field at National Institute of Agro-Environmental Science in Ibaraki, Japan (36 • 01 N, 140 • 07 E, 21 m a.s.l). The soils at the site is classified as Hydric Hapludand (Soil Taxonomy) and Hydric-Silic Andosol (IUSS, WRB). Parent material is mainly rhyolitic and/or basaltic volcanic ash deposits from Mt. Asama, Mt. Fuji, and Mt. Hakone. These tephras were deposited directly on the site and/or transported afterward. Dominant clay-sized mineral in the studied soils are short-range-order (SRO) minerals that largely consist of allophane/imogolite-type mineral and, to a less extent, hydrous iron oxides such as ferrihydrite. The soil also contains minor amounts of gibbsite, kaolinite, chlorite, hydroxyl-interlayered vermiculite, mica, quartz, and feldspar. Mean annual air temperature is 13.7 • C and rainfall is 1300 mm year −1 . Mean annual soil temperature at 0-50 cm is 15.2 • C (monthly mean ranged 1.3-29.2 • C).
We selected four plots under contrasting OM management practices, to have a gradient in soil total organic C (TC) concentration among the soil samples (Table 1) . Surface soil samples (0-20 cm) examined here are the subsets of the samples used in our previous study [53] . Briefly, no-tillage plot (NT) has been under no-till management with leaf litter compost addition (up to 7 ton C ha −1 year −1 ) for the last 28 years. The previously plowed horizon (ca. 0-20 cm) showed clear horizonation-more developed granular structure (abundant macroaggregates) at upper layer and reddish color with more massive structure at lower layer ( Figure S1 ). We thus sampled the soil from NT plot at two depths: top 0-5 cm layer (NT-a) and 5-20 cm layer (NT-b). Adjacent plot to NT plot is conventional tillage plot where entire plow layer (0-20 cm) was sampled (Till-1). Both plots were under soybean/winter-wheat rotation since 1983. All crop residues were chopped and returned to the field at NT but removed at Till-1 plot. The third plot (Till-2) is located 320 m southeast from NT/Till-1 plots and had similar management to Till-1 except that root stumps were also removed each year. Annual input of chemical fertilizer was 30 kg N, 100 kg P, and 100 kg K for Till-1 and 96 kg N, 158 kg P, and 158 kg K for Till-2. The fourth plot, adjacent to Till-2, has been kept bare since 2004 with occasional tillage to remove weeds (Bare). In November 2011, six core samples were taken from each plot and composited followed by 2-mm sieving for further analyses.
Density Fractionation
Physical fractionation requires some degrees of soil dispersion in liquid. We choose to disrupt aggregates by mechanical shaking and the clustered particles isolated were operationally defined as shaking-resistant aggregates that are formed at an intermediate hierarchy level. We did not focus on a higher hierarchy level which can be achieved by weaker disruption energy (e.g., wet sieving approach more commonly used for the studies on OM-aggregate relationship) based on our initial test to isolate water-stable aggregates. Due to the strong aggregate stability of Andisols, C and N concentrations as well as C:N ratio of the soil from NT plot were consistently higher by 2.1-3.1 folds compared to Till-1 soil for all aggregate-size fractions (Table S1 ). We also avoided stronger disruption by sonication to reach a lower hierarchy level because OM-induced binding forces may be weaker than the sonication energy.
Sequential density fractionation was conducted for the five soil samples (field moist condition) using sodium polytungstate solution (SPT-0 grade, Sometsu, Germany) with mechanical shaking as a mean to disrupt less-stable aggregates. We sequentially isolated six density fractions (F1: <1.6; F2: 1.6-1.8; F3: 1.8-2.0; F4: 2.0-2.25; F5: 2.25-2.5; and F6: >2.5 g cm −3 ). Detail procedure of the density fractionation is described elsewhere [42] . All fractions were rinsed with deionized water until salt concentration reached <50 µS cm −1 . F1 was oven-dried at 80 • C and the other fractions were freeze-dried. All fractions except for F1 were further dry-sieved (250 µm) to isolate coarse sand fraction. Its mass proportion per fraction (mean ± SD) was zero in F2, 1.0 ± 0.1% in F3-F4, 1.5 ± 2.0% in F5, and 2.7 ± 1.1% in F6 among the soil samples. The coarse sand fraction largely consisted of primary mineral particles based on light microscopy in accord with previous studies of volcanic ash soils [54] . We thus assumed negligible OM and reactive metal contents in this fraction and removed it prior to further chemical characterization.
Characterization of Isolated Density Fractions
Total organic C and total N concentrations in the isolated fractions were analyzed by an elemental analyzer (Flash2000 Thermo Fisher Scientific Inc., Waltham, MA, USA). No carbonate is present in these moderately acidic, tephra derived soils. Thus, total C equals to total organic C and was expressed as TC in this study. The major elements consisting reactive metal phases (Al, Si, Fe, and Mn) in each fraction were quantified by a series of selective extractions: pyrophosphate (PP) followed by acid oxalate (OX) and then dithionite-citrate (DC). First, PP extraction was done at the soil:solution ratio of 100 mg:10 mL with 0.1 M sodium pyrophosphate (pH = 10), shaken at 120 rpm for 16 h. After high-speed centrifugation (29,000 g, 45 min), supernatant was diluted and vacuum-filtered through 0.025 µm membrane filter (mixed cellulose ester, Millipore, Billerica, MA, USA) before dissolved C, N, and metal analyses. Second, the residue after discarding the remaining supernatant was extracted with 10 mL of 0.2 M acidified sodium oxalate solution (pH = 3.0), shaken at 120 rpm for 4 h in the dark. Sodium oxalate instead of conventional ammonium oxalate was used to quantify the amount of N co-dissolved [55] . Third, 0.1 g of sodium dithionite was added to the remaining residue and mixed with 10 mL of 22% (by wt) sodium citrate for 16 h. All extractions were done at room temperature (20) (21) (22) • C) and centrifugation condition was the same for all extractions. No filtration was done for the supernatants after OX and DC extractions based on previous pilot test [55] . Co-dissolved C and N by PP and OX extractions will be reported elsewhere. Metal concentrations were determined by inductivity coupled plasma-optical emission spectroscopy (Varian Inc., Vista-Pro, Mulgrave, Australia). The metal analyses were done for all fractions except for F1 from Bare soil due to limited mass recovery. We used the sum of Al and a half of Fe concentrations (Al + 0.5Fe) as an index of "reactive metal" content in soil fractions to roughly normalize the atomic mass difference between Al and Fe. We also estimated the content of allophane/imogolite-type mineral and ferrihydrite based on OX-extractable Si and Fe, respectively [56] .
The radiocarbon contents of the bulk sample and the density fractions were measured by accelerated mass spectrometry at the National Institute for Environmental Study (NIES-TERRA), Japan [57, 58] . Finely ground samples were combusted in sealed quartz tubes (with CuO) to CO 2 which was purified and graphitized by reduction under H 2 in the presence of Fe power [59] .
Standing Stocks of C and Extractable Metals
We compared the distributions of mass and measured elements (C, N, and reactive metals) across the density fractions on a ground area basis by calculating standing stocks as follows. Due to the difference in bulk density, soil mass in top 0-20 cm varied from 117 to 157 kg m −2 among the four soils. We thus normalized it based on the 0-20 cm soil mass of NT plot which had the lowest mass. In other words, 0-20 cm of NT was compared with top 15.0-16.1 cm of Till-1, Till-2, and Bare soils to have the same soil mass per unit ground area. The normalized soil mass was multiplied by the elemental concentrations of whole soil to calculate the mass-equivalent total standing stock. The standing stock was partitioned into each density fraction based on the measured concentration and distribution of each element. For this purpose, the distribution was calculated assuming 100% recovery of each measured element from the six density fractions.
Statistical Analysis
We designed this study to examine the two objectives above using a series of soils developed on the same parent material, climate, topography, and time but differed only in the OM input regime due to the decadal OM management. Because we did not have field replication of the OM management (e.g., NT, Till, and Bare), we used one composite sample per management and thus no statistical inference can be made on the management effect. Instead, we focused on the changes in the elemental concentrations and distributions both among the four soils and across the six density fractions along the management-induced soil OM concentration gradient.
Analytical errors associated with the density fractionation were reasonably low in our previous study which used the same Till-1 soil sample. Specifically, the recovery of mass, C, and N were 100 ± 2%, 86 ± 6%, and 90 ± 10% (mean ± SD) and the coefficient of variation for the elemental concentration in each fraction was 12 ± 11% for C, 10 ± 3% for N, 6 ± 3% for Al PP , 10 ± 6% for Fe PP , 7 ± 11% for Al OX , 3 ± 3% for Fe OX , and 5 ± 6% for Si OX (mean ± SD) for three analytical replicates of Till-1 sample from a field-moist condition [42] , which gave us some confidence to compare the five soil samples without replication for current study. Correlation analyses of ∆ 14 C against C:N ratio and the aromaticity index from previous study (based on solid-state 13 C-NMR [53] ) were conducted using JMP8 (SAS Institute).
Results
Carbon and Nitrogen
Recovery, Concentration and Distribution
TC concentration ranged from 37 to 149 mg g −1 , reflecting the difference in the decadal management (Table 1 ). Total N also showed progressive decline along the TC gradient while soil pH showed no trend but remained slightly acidic to neutral. The recovery of mass, C and N after the density fractionation was 102.2 ± 2.2%, 93.1 ± 6.0%, and 99.4 ± 3.0% (mean ± SD), respectively, among the five soil samples (Figure 1a-c) . The degree of C loss was similar or less than the previous studies that fractionated Andisols by SPT solution [41, 60] . The lower C recovery relative to N suggests preferential loss of C-rich compounds especially from high TC samples possibly as non-centrifugeable colloids or SPT-induced C dissolution (NT-a, b). The concentration of C progressively declined with increasing particle density from F1 (261-339 mg g −1 ) to F6 (5.7-7.1 mg g −1 ) in all five samples (Table 2, Figure S2 ). Nitrogen followed the same pattern. Reflecting the variation in the decadal OM management, C and N concentrations in F1 decreased along the TC concentration gradient from NT-a sample towards Bare sample. This trend was extended to F23 for N. The management-induced differences shown in lower-density fractions diminished towards higher-density fractions. In general, C:N ratio showed progressive decline with increasing particle density except that F2 showed 2-5 unit higher ratios than F1 in all soils except for NT-a, b samples (Table 2 and Figure S2 ). Across all the fractions down to F6, C:N ratio was consistently lower in NT-a, the sample receiving the largest amounts of litter compost ( Figure S2 ). The lowest two density fractions (F1-F2) were clearly more dominated by plant-derived, large organic particles compared to the higher-density fractions (F3-F6) based on higher C concentration (>150 mg g −1 ) and higher C:N ratio (>12.4) as well as visual observation. The distribution of total C and N among the density fractions (Figure 1b,c) was calculated based on the mass recovery and the concentration of C and N. Along the TC gradient from NT-a towards Bare sample, the proportion of TC in F1 and F2 fractions progressively declined from 84-87% to ca. 10%, whereas those in the higher-density fractions (especially F4-F5) increased. The distribution pattern for N was comparable to C (data not shown). Radiocarbon content (∆ 14 C) showed a decreasing trend with increasing particle density for NT-a, b samples ( Figure 2a and Table 2 ). The ∆ 14 C in F1 declined from NT-a to Bare sample following the TC concentration gradient. The patterns of ∆ 14 C in F2-F6 did not follow the TC gradient presumably due to small differences in the land history between NT/Till-1 and Till-2/Bare zones of the experimental field (see Appendix B). In F2, NT-a and NT-b showed modern values, whereas the other samples having less OM input had highly negative ∆ 14 C values. The ∆ 14 C in higher-density fractions (F3-F6) was around zero to negative values with consistent decreasing trends from F3 to F5 for all five samples. a, b samples ( Figure 2a and Table 2 ). The Δ 14 C in F1 declined from NT-a to Bare sample following the TC concentration gradient. The patterns of Δ 14 C in F2-F6 did not follow the TC gradient presumably due to small differences in the land history between NT/Till-1 and Till-2/Bare zones of the experimental field (see Appendix B). In F2, NT-a and NT-b showed modern values, whereas the other samples having less OM input had highly negative Δ 14 C values. The Δ 14 C in higher-density fractions (F3-F6) was around zero to negative values with consistent decreasing trends from F3 to F5 for all five samples.
The relationship of Δ 14 C against C:N ratio showed some clustering patterns ( Figure 2b ). The two highest-density fractions (F5-F6) were characterized by low C:N and strongly negative Δ 14 C while mid-density fractions (F3-F4) tended to have slightly higher C:N ratio and less negative Δ 14 C. The two lowest-density fractions (F1-F2) showed much wider variation in both axes with an apparent negative linear correlation (r 2 = 0.74, p < 0.001). Samples with lower C:N with positive Δ 14 C values corresponded to the F1 and F2 from the soil under the highest OM input as compost (NT-a and NTb), whereas those from lower OM input soils (Till-1, Till-2, and Bare) showed higher C:N and much more depletion in Δ 14 C. 
Extractable Iron, Aluminum, Silica, and Manganese
Mineral Composition and Metal Concentration
Short-range-order mineral phases accounted for 16% (9-22%) of bulk soil mass (Table 3) . When assessing each density fraction, these phases accounted for as low as 6-7% in F1 and F6, and as high as 25% (22-29%) in F4. Among SRO mineral phases, allophane-and imogolite-type minerals were dominant: their content was 3.3-5.7 folds and 3.3-7.7 folds greater than ferrihydrite content in bulk and in the density fractions (except for F6), respectively (Table 3) , as typically found in allophanic Andisols [56] . The relationship of ∆ 14 C against C:N ratio showed some clustering patterns ( Figure 2b ). The two highest-density fractions (F5-F6) were characterized by low C:N and strongly negative ∆ 14 C while mid-density fractions (F3-F4) tended to have slightly higher C:N ratio and less negative ∆ 14 C. The two lowest-density fractions (F1-F2) showed much wider variation in both axes with an apparent negative linear correlation (r 2 = 0.74, p < 0.001). Samples with lower C:N with positive ∆ 14 C values corresponded to the F1 and F2 from the soil under the highest OM input as compost (NT-a and NT-b), whereas those from lower OM input soils (Till-1, Till-2, and Bare) showed higher C:N and much more depletion in ∆ 14 C.
Extractable Iron, Aluminum, Silica, and Manganese
Mineral Composition and Metal Concentration
Short-range-order mineral phases accounted for 16% (9-22%) of bulk soil mass (Table 3) . When assessing each density fraction, these phases accounted for as low as 6-7% in F1 and F6, and as high as 25% (22-29%) in F4. Among SRO mineral phases, allophane-and imogolite-type minerals were dominant: their content was 3.3-5.7 folds and 3.3-7.7 folds greater than ferrihydrite content in bulk and in the density fractions (except for F6), respectively (Table 3) , as typically found in allophanic Andisols [56] . The extractable metal concentrations were generally higher in mid-density range with some variations among the three extractants and thus the crystallinity of the reactive metal phases. The density fractions having the highest concentration of the reactive metals (Al + 0.5Fe) were F2-F3 for the initial PP extraction, F4 for the subsequent OX extraction, and F4-F5 for the final DC extraction (Figure 3a-c) . Similar patterns were shown for extractable Si and Mn as well (Table S2) .
density fractions having the highest concentration of the reactive metals (Al + 0.5Fe) were F2-F3 for the initial PP extraction, F4 for the subsequent OX extraction, and F4-F5 for the final DC extraction (Figure 3a-c) . Similar patterns were shown for extractable Si and Mn as well (Table S2) .
Pyrophosphate-extractable metals (AlPP + 0.5FePP) showed a sharp maximum in F2 for Till-1, Till-2 and Bare samples while less clear maxima in F3-F4 were shown for NT-a and NT-b (Figure 3a) . This pattern was mainly controlled by AlPP which was on average 9.2-fold higher (range: 1.7-24.3 on molar basis) than FePP. In fact, FePP alone showed its concentration maxima in F1-F3 depending on soil samples (Table S2) . On the other hand, SiPP and MnPP concentrations generally showed decline with increasing particle density (Table S2) .
The subsequent oxalate extraction released more metals than the initial PP extraction did in all fractions by up to nine folds for Al, 86 folds for Fe, 45 folds for Si, and 18 folds for Mn (Table S2 ). The OX-extractable metals were more concentrated in higher density range compared to PP-extractable metals (Figure 3b) . The atomic ratio, AlOX:SiOX, in bulk soils ranged between 1.8 and 2.4, indicating the dominance of Al-rich or proto-imogolite allophane [54] . The ratio was also relatively constant across all fractions (range: 1.7-2.2) except that F6 from NT-a and NT-b had lower ratio (1.3-1.6) and that the fraction from Till-2 had slightly higher ratios (2.1-2.6). AlOX and SiOX showed their sharp maxima in F4, whereas FeOX and MnOX had their maxima in F4-F5 (Table S2 ). The high FeOX in F6 is attributable to the dissolution of magnetite, a common primary mineral in volcanic tephra in accord with previous study [36] . The atomic ratio of AlOX:FeOX was 4.8 (range: 3.1-6.4) for F15 and 1.0 (0.4-2.3) for F6.
In both PP and OX extractions, the metal concentrations tended to be lower in the soils having higher OM input (Figure 3a,b) . Dilution by OM would lower the metal concentrations only up to 10% and thus cannot fully account for this pattern. Similar to OX, dithionite-citrate extractable metals showed the highest concentrations in F4-F5 (Figure 3c ) with the atomic Al:Fe ratio of 0.5 (range: 0.2-0.7). Pyrophosphate-extractable metals (Al PP + 0.5Fe PP ) showed a sharp maximum in F2 for Till-1, Till-2 and Bare samples while less clear maxima in F3-F4 were shown for NT-a and NT-b (Figure 3a) . This pattern was mainly controlled by Al PP which was on average 9.2-fold higher (range: 1.7-24.3 on molar basis) than Fe PP . In fact, Fe PP alone showed its concentration maxima in F1-F3 depending on soil samples (Table S2) . On the other hand, Si PP and Mn PP concentrations generally showed decline with increasing particle density (Table S2) .
The subsequent oxalate extraction released more metals than the initial PP extraction did in all fractions by up to nine folds for Al, 86 folds for Fe, 45 folds for Si, and 18 folds for Mn (Table S2 ). The OX-extractable metals were more concentrated in higher density range compared to PP-extractable metals (Figure 3b) . The atomic ratio, Al OX :Si OX , in bulk soils ranged between 1.8 and 2.4, indicating the dominance of Al-rich or proto-imogolite allophane [54] . The ratio was also relatively constant across all fractions (range: 1.7-2.2) except that F6 from NT-a and NT-b had lower ratio (1.3-1.6) and that the fraction from Till-2 had slightly higher ratios (2.1-2.6). Al OX and Si OX showed their sharp maxima in F4, whereas Fe OX and Mn OX had their maxima in F4-F5 (Table S2 ). The high Fe OX in F6 is attributable to the dissolution of magnetite, a common primary mineral in volcanic tephra in accord with previous study [36] . The atomic ratio of Al OX :Fe OX was 4.8 (range: 3.1-6.4) for F15 and 1.0 (0.4-2.3) for F6.
In both PP and OX extractions, the metal concentrations tended to be lower in the soils having higher OM input (Figure 3a,b) . Dilution by OM would lower the metal concentrations only up to 10% and thus cannot fully account for this pattern. Similar to OX, dithionite-citrate extractable metals showed the highest concentrations in F4-F5 (Figure 3c ) with the atomic Al:Fe ratio of 0.5 (range: 0.2-0.7).
Recovery and Distribution
The metal distribution across the fractions generally showed similar patterns to that of C and N (Figure 1d and Figure S3 ). While the results from the initial PP extraction suffered from apparent colloid inclusion in extracts, the subsequent OX-and DC-extractions showed reasonable recoveries (Figure 1d and Figure S2 ). In addition, the pool sizes of PP-extractable metals were much smaller than those of subsequent OX-metals (by 9-86 folds). We thus considered it reasonable to assess the distribution of the extractable metals with the assumption that no systematic errors occurred in the metal quantification across the fractions (see Appendix A). The distribution patterns of individual elements analyzed in all three extractions (PP, OX, and DC) were similar and changed among the soils along the TC concentration gradient. The metal distributions in F1 + F2 decreased and those in F5+F6 increased from NT-a towards Bare sample as shown for OX-extractable metals (Figure 1d ). The two low-density fractions (F1 + F2) accounted for 25-46% of the total extractable metals in NT-a sample, 8-10% in NT-b, and 1-2% in Till-1 and Bare sample.
Standing Stocks of Organic Matter and Reactive Metal Phases
The distribution of OM and the reactive metals across the density fractions was further assessed by comparing the organic and inorganic materials present in the top 20 cm on a ground area basis after mass-equivalent normalization. The two density fractions accounting for the largest proportions of total C standing stock were F1-F2 for NT, F3-F4 for Till-1, and F4-F5 for Till-2 and Bare sample (Figure 4a ), reflecting the difference in decadal OM input regime. Nitrogen standing stocks essentially showed the same pattern (data not shown). The standing stock of OX-extractable metal phases was mainly distributed in F4-F5 in all four soil samples. However, NT sample showed greater metal stocks in F1-F2 than the others with lower TC contents, whereas Bare sample showed greater metal stocks in F5-F6 than the others with higher TC contents (Figure 4b ). In fact, the sum of the metal standing stocks in F1-F3 followed the TC concentration gradient as follows: NT > Till-1 > Till-2 > Bare. The same patterns are found for PP-extractable metal phases when assuming the normal recovery from each density fraction. Similarly, the total inorganic material showed similar distribution pattern to the OX-extractable metals (Figure 4c ). The metal distribution across the fractions generally showed similar patterns to that of C and N (Figures 1d and S3) . While the results from the initial PP extraction suffered from apparent colloid inclusion in extracts, the subsequent OX-and DC-extractions showed reasonable recoveries (Figures  1d and S2 ). In addition, the pool sizes of PP-extractable metals were much smaller than those of subsequent OX-metals (by 9-86 folds). We thus considered it reasonable to assess the distribution of the extractable metals with the assumption that no systematic errors occurred in the metal quantification across the fractions (see Appendix A). The distribution patterns of individual elements analyzed in all three extractions (PP, OX, and DC) were similar and changed among the soils along the TC concentration gradient. The metal distributions in F1 + F2 decreased and those in F5+F6 increased from NT-a towards Bare sample as shown for OX-extractable metals (Figure 1d ). The two low-density fractions (F1 + F2) accounted for 25-46% of the total extractable metals in NT-a sample, 8-10% in NT-b, and 1-2% in Till-1 and Bare sample.
The distribution of OM and the reactive metals across the density fractions was further assessed by comparing the organic and inorganic materials present in the top 20 cm on a ground area basis after mass-equivalent normalization. The two density fractions accounting for the largest proportions of total C standing stock were F1-F2 for NT, F3-F4 for Till-1, and F4-F5 for Till-2 and Bare sample (Figure 4a ), reflecting the difference in decadal OM input regime. Nitrogen standing stocks essentially showed the same pattern (data not shown). The standing stock of OX-extractable metal phases was mainly distributed in F4-F5 in all four soil samples. However, NT sample showed greater metal stocks in F1-F2 than the others with lower TC contents, whereas Bare sample showed greater metal stocks in F5-F6 than the others with higher TC contents (Figure 4b ). In fact, the sum of the metal standing stocks in F1-F3 followed the TC concentration gradient as follows: NT > Till-1 > Till-2 > Bare. The same patterns are found for PP-extractable metal phases when assuming the normal recovery from each density fraction. Similarly, the total inorganic material showed similar distribution pattern to the OX-extractable metals (Figure 4c ). 
Discussion
Different Roles of Organic Matter and Reactive Metal Phases as Binding Agents
We first tested the applicability of basic principle behind density fractionation-the mixing of newly-added OM with soil particles leads to a shift in particle density distribution towards lower density due to organic binding effect. Upon the increase in OM input from the bare fallow to the notillage with compost treatment, we found a clear increase in the standing stocks of OM and the inorganic phases in lower-density fractions (especially F1-F2) and corresponding declines in higher- 
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Different Roles of Organic Matter and Reactive Metal Phases as Binding Agents
We first tested the applicability of basic principle behind density fractionation-the mixing of newly-added OM with soil particles leads to a shift in particle density distribution towards lower density due to organic binding effect. Upon the increase in OM input from the bare fallow to the no-tillage with compost treatment, we found a clear increase in the standing stocks of OM and the inorganic phases in lower-density fractions (especially F1-F2) and corresponding declines in higher-density fractions (F5-F6, Figure 4a-c) . Our results thus give a strong support for the basic principle which has not been tested at finer density intervals under field condition before. The observed shift in the particle density distribution by the OM management must result from the changes in the mass or concentration of OM and metals among the density fractions. The results suggest that the shift was largely caused by the change in mass, in other words, by the physical transfer of soil particles from high to lower density fractions, because the changes in elemental concentrations within each density fraction do not account for the shift. For organic component, the changes in C and N concentrations in each fraction were little from Bare to NT sample (Table 2 ) while the mass distribution clearly showed the increase in F1-F2 (Figure 1a ) which accounts for the distribution shifts in C and N (Figure 1b,c) . Similarly, for the reactive metal phases, the distribution of OX-and DC-extractable Al, Si, and Fe in F1-F2 increased by 8-11 folds (OX) and 4-12 folds (DC) from Bare to NT-a samples along the TC gradient on a concentration basis (Figure 1d and Figure S2 ) while their concentrations per fraction remained or decreased by up to two folds (Figure 3b,c) .
The physical transfer of soil particles and concurrent (dis)aggregation may be explained with a simple schematic flow ( Figure 5 ). The microbes decomposing the newly-added OM produce metabolites (glue). Such organic glues would adhere to mid-density aggregates, the most abundant type of aggregates (Figure 5a,b) . When the adhesion is strong, new shaking-resistant aggregates of lower density would form as the OM-bound subunits are physically pulled off (Figure 5c ). The OM-induced formation of low-density aggregates suggested here is generally consistent with the conceptual model [39] which describes an initial aggregation process with decaying plant litter serving as a core to form occluded low-density fraction (o-LF), and also related to the macroaggregate formation upon OM input found in many soils [4, 7, 8] . Our results thus give a strong support for the basic principle which has not been tested at finer density intervals under field condition before. The observed shift in the particle density distribution by the OM management must result from the changes in the mass or concentration of OM and metals among the density fractions. The results suggest that the shift was largely caused by the change in mass, in other words, by the physical transfer of soil particles from high to lower density fractions, because the changes in elemental concentrations within each density fraction do not account for the shift. For organic component, the changes in C and N concentrations in each fraction were little from Bare to NT sample (Table 2) The physical transfer of soil particles and concurrent (dis)aggregation may be explained with a simple schematic flow ( Figure 5 ). The microbes decomposing the newly-added OM produce metabolites (glue). Such organic glues would adhere to mid-density aggregates, the most abundant type of aggregates (Figure 5a,b) . When the adhesion is strong, new shaking-resistant aggregates of lower density would form as the OM-bound subunits are physically pulled off (Figure 5c ). The OMinduced formation of low-density aggregates suggested here is generally consistent with the conceptual model [39] which describes an initial aggregation process with decaying plant litter serving as a core to form occluded low-density fraction (o-LF), and also related to the macroaggregate formation upon OM input found in many soils [4, 7, 8] . When OM binding force exceeds the force between subunits (e.g., between F4 and F5 subunits), OM-glued subunits are recovered as new lower-density aggregates by the density fractionation with mechanical shaking. The subunit "F5" which was a part of the large aggregate of F4 density range at t = 0 is now recovered at F5 density (2.25-2.5 g cm −3 ) because the adhered OM pulled off lower-density subunits (F2-F4) from the aggregate. The net effect is the relative increase in lower-density particles (F1-F3) in this schematic.
Second, we assessed the contribution of the reactive metal phases on aggregation. We did not find any indication of preferential metal binding with the newly-added OM at the intermediate hierarchy level (shaking-resistant aggregate) because the increase in lower-density fractions from Bare to NT soil sample was essentially the same between the reactive metal phase and whole inorganic materials (Figure 4b vs. Figure 4c) . Instead, the reactive metals appeared to contribute to the formation of mid-density aggregates (2.0-2.5 g cm −3 ) together with OM at a lower hierarchy level. Three lines of evidence support this view. (i) SRO minerals, approximated by OX-extractable metals, Figure 5 . Schematic of re-assembly of shaking-resistant aggregates upon OM accretion. (a) A large shaking-resistant aggregate under field conditions. The aggregate consisted of five subunits, having the density ranges from F2 to F5, and has a net density of F4 (2.0-2.25 g cm −3 ). (b) Adhesion of newly-accreted OM to the aggregate surface under field conditions due to long-term compost addition in NT plot. (c) When OM binding force exceeds the force between subunits (e.g., between F4 and F5 subunits), OM-glued subunits are recovered as new lower-density aggregates by the density fractionation with mechanical shaking. The subunit "F5" which was a part of the large aggregate of F4 density range at t = 0 is now recovered at F5 density (2.25-2.5 g cm −3 ) because the adhered OM pulled off lower-density subunits (F2-F4) from the aggregate. The net effect is the relative increase in lower-density particles (F1-F3) in this schematic.
Second, we assessed the contribution of the reactive metal phases on aggregation. We did not find any indication of preferential metal binding with the newly-added OM at the intermediate hierarchy level (shaking-resistant aggregate) because the increase in lower-density fractions from Bare to NT soil sample was essentially the same between the reactive metal phase and whole inorganic materials (Figure 4b vs. Figure 4c) . Instead, the reactive metals appeared to contribute to the formation of mid-density aggregates (2.0-2.5 g cm −3 ) together with OM at a lower hierarchy level. Three lines of evidence support this view. (i) SRO minerals, approximated by OX-extractable metals, were most concentrated in F4 (Figure 3b ) and mainly distributed in F45 across the density fractions (Figure 4b ) even in NT soil which had much higher OM input. DC-extractable metals showed similar patterns (Table S2 ). These results suggest that these metal phases contributed to the binding of shaking-resistant aggregates of 2.0-2.5 g cm −3 density range. (ii) Overall, 65-74% of the total Al and Fe extracted by PP and OX and 64-70% of total C and N were located in F4 (2.0-2.25 g cm −3 ) as the aggregates resistant to a moderate level of sonication (at 270 J mL −1 ) for Till-1 soil [42] . In other words, these organo-metal associations acted as more "persistent" binding agents than organic binders and thus presumed to work at a lower hierarchy level. (iii) Theoretical density calculation suggests that the sorptive capacity of SRO minerals in F4 might have been saturated. Given the absolute density of allophane and imogolite (2.6-2.7 g cm −3 ) and ferrihydrite (3.8-4.0 g cm −3 ), large amounts of OM adhesion to the SRO minerals are necessary to achieve the net density of 2.0-2.5 g cm −3 . Maximal sorption of dissolved OM onto the SRO minerals (i.e., saturation of sorption sites) under laboratory condition leads to the net density of 2.2-2.4 g cm −3 for organo-allophane and organo-imogolite adsorptive associations and that of 3.0-3.1 g cm −3 for organo-ferrihydrite association (see Appendix 1 in [42] for more detail). These values also agree with the measurement from sorption experiments [43] . Thus, the SRO minerals need to be bound with pre-existing OM at nearly maximum sorption level to account for the major presence of the reactive metals in F45 (2.0-2.5 g cm −3 ). Predominance of other (crystalline) minerals in F4-F5 (58-84% of mass, Table 3 ) will not change the density argument because those minerals have much lower sorptive capacity compared to the SRO mineral phases [61] while having similar particle density. Therefore, we speculate that the reactive metal phases in the mid-density fraction were likely to be in strong association with roughly maximum levels of OM in the soil well before the start of no-tillage with compost addition management.
Dynamic Changes in Organo-Mineral Aggregation Controlled by OM Input
The formation of OM-rich, lower-density aggregates upon the decadal OM addition must be balanced by the loss of higher-density aggregates. We observed decreasing trends in both organic and inorganic components in higher-density fractions (F5-F6) along the TC gradient from Bare towards NT sample (Figure 4a-c) , implying that reduced OM input (and thus OM depletion) might have promoted the disruption of less-stable, organically-glued aggregates. Then, the released subunits would fall into higher-density fractions due to the loss of low-density OM (e.g., a reverse of Figure 5 ).
The concurrent processes of aggregation in the lower density range and disaggregation in the higher density fractions upon enhanced OM input are strongly supported by previous studies that used sequential density fractionation approach. Forest ecosystems in Wisconsin (Mollisols) under long-term field manipulation (50 years) showed similar shifts in the mass distribution upon doubling of litter input rate: an increase in the lowest three density fractions (<2.0 g cm −3 ) and concurrent decline mainly in 2.4-2.65 g cm −3 fraction in both prairie and forest systems [34] . Furthermore, litter removal treatment showed a reversed distribution pattern [34] . By applying the sequential density fractionation after removal of F1 and o-LF (<1.8 g cm −3 ) with 100 J mL −1 sonication, Crow et al. (2014) [41] compared Hawaiian Andisols under native forest and the pasture system having higher OM input. From the forest to the pasture, main increase in OM and SRO mineral occurred in 1.8-2.0 g cm −3 fraction, whereas a main decrease in these phases largely occurred in >2.4 g cm −3 fraction. Furthermore, the decline in soil TC from the pasture to Eucalyptus plantation reversed the distribution pattern of both OM and SRO mineral [41] .
These results provide strong evidence that the OM-controlled (dis)aggregation processes are reversible at the intermediate hierarchy level. It may thus be possible to view that the shaking-resistant aggregates are present under a dynamic equilibrium state. The changes in OM input balance regulate the equilibrium by changing the amounts, location and activity of organic binding agents thereby causing some re-assembly (aggregation and disaggregation) and directional shifts in particle density distribution.
Insights from Radiocarbon Analysis: Two Pools of Stable C
Two clear patterns emerged from the radiocarbon analysis were highly negative ∆ 14 C of F12 except for NT-a, b samples and the progressive decline in ∆ 14 C from F3 towards F5 for all five samples (Table 2 and Figure 2a) , which implies the presence of two C pools stabilized by contrasting mechanisms. Old pyrogenic C (∆ 14 C of <−100‰, Table 2 ) appears to explain the first stable C pool. Among the low-density fractions (F1-F2), ∆ 14 C was negatively correlated with the aromaticity index based on solid-state 13 C NMR spectroscopy (ratio of aromatic-C to O-alkyl-C, r 2 = 0.79, p < 0.001, using data from [53] ) as well as with C:N ratio (Figure 2b ). Burning and charring of plant residues increase their aromaticity, and remaining materials have higher stability against microbial degradation [62] [63] [64] . Thus, these negative correlations in F1-F2 suggest the presence of old pyrogenic, thus recalcitrant C. This interpretation is further supported by the high abundance of shiny dark-colored fragments in mixture with decaying plant litter based on light microscopic observation in F2 of Till-1 soil [42] . Strong influence of pyrogenic C on the dark-color and old radiocarbon age of surface and subsurface Andisols in Japan has been reported [63] [64] [65] [66] . However, its location in soil matrix, isolation method, and molecular structure are not fully understood. Old pyrogenic C is often occluded in aggregates and can be isolated as occluded low-density fraction (o-LF) from a range of soils (e.g., [66] [67] [68] [69] [70] ) including our soil [42] . In our soils, however, the old pyrogenic C pool would account for no more than 5% of TC in Till-1, Till-2, and Bare samples based on the limited C distribution in F2 (Table 2 and Figure 1b) and its aromatic-C proportion (23-36% of C [53] ).
The second stable C pool, indicated by the progressive ∆ 14 C decline from F3 to F5 by 70-100‰ shown for all five samples (Table 2, Figure 2a ), appears to be dominated by N-rich compounds bound to minerals, particularly to SRO minerals as speculated from the theoretical density of organo-mineral associations (see Section 4.1). Similar density-dependent ∆ 14 C trends have been shown for Hawaiian Andisols [41] and for other soil types [33, 35] using the same fractionation scheme. The mid-density fractions (F4-F5: 2.0-2.5 g cm −3 ) always had negative ∆ 14 C even in NT-a and NT-b samples that have been receiving additional OM as litter compost, indicating the dominance of pre-modern C (old C). In addition, 58-81% of total C and N and 79-86% of the reactive metal phases were present in these fractions except for the OM in NT soil (Figure 1b,c and Figure 4a ). The mid-density fractions thus represent the main reservoirs of stable OM protected at least partly by the reactive metal phases (especially by SRO minerals) in our Andisols. SEM observation showed that these fractions were largely present as aggregates of 20-100 µm diameters (see Figure 5e ,g in [42] ). The formation of OMand reactive metal-rich aggregates in the mid-density range appeared to be a general feature at least among Andisols. The main reservoir of OM and SRO minerals in the forest soil with andic property in Oregon, USA, was the shaking-resistant aggregates of 2.0-2.3 g cm −3 density [35] and those in a buried horizon of a volcanic soil in Reunion Island was the sonication-resistant aggregates of 2.1-2.3 g cm −3 density [22] . In Hawaiian Andisols under different land uses, OM was mainly present in 1.8-2.4 g cm −3 density fractions after a weak sonication (100 J mL −1 ), whereas SRO minerals were most concentrated in 2.0-2.4 and >2.4 g cm −3 fractions [41] .
The progressive decline in both ∆ 14 C and C:N ratio (Table 2) with increasing particle density, together with δ 13 C and δ 15 N enrichment towards higher density found for Till-1 [42] , indicates greater contribution of microbially-reworked OM in the mineral-dominant fractions in accord with previous studies [32, 35, 37] . These results also suggest that microbial OM becomes a more dominant binding agent in higher-density fractions relative to plant-derived OM. Carbon or N stabilization mechanisms in Andisols are not fully understood, however. Strong evidence of sorptive stabilization of high C:N, aromatic compounds, as oppose to N-rich compounds, are shown in Hawaiian Andisols [28, 71] . In addition, sorptive stabilization by SRO minerals may not be the single dominant mechanism in Andisols. Direct sorptive association with SRO minerals alone was not able to account for the amounts of OM present in the mid-density fractions in Till-1 [42] . The OM directly bound to the reactive metal phases accounted for rather minor proportions (15-55%) of bulk soil OM among six types of Andisols [55] . It may thus be important to consider additional mechanisms such as those controlling physical accessibility and diffusion constraints [72, 73] .
Radiocarbon results may provide further insights on how and where plant-derived young C incorporates into the shaking-resistant aggregates of varying densities. We focused on NT and Till-1 soils because these are a paired plot (adjacent with each other) whereas the other plots (Till-2 and Bare), located 500 m away, likely experienced slightly different land history (see Appendix B). Consistently more positive ∆ 14 C in NT-a and NT-b relative to Till-1 sample across all density fractions by ca. 50-200‰ (except for F6 from NT-b, Figure 2a) indicates the incorporation of modern C (bomb C) into these fractions due to the newly-added OM input and the indirect effect of no tillage over the last 28 years. While coarse-sized primary mineral and the mineral particles become more dominant with increasing density towards F6, SEM confirmed the presence of organo-mineral aggregates in F5 [42] . Large bomb C influxes into F1-F2 is consistent with 5-10-fold increase in C standing stocks in NT relative to Till-1 (Figure 4a) . A major net influx of bomb C into the mid-density fractions (F3-F5, especially F4) was indicated by 50-100‰ ∆ 14 C enrichment in NT relative to Till-1 (Figure 2a) given that NT had similar or lower C stocks in these fractions relative to Till-1 (Figure 4a ). These results suggest that the mid-density aggregates had at least a small capacity to bind new C derived from the compost addition. This is not necessarily contradictory to the saturation of the sorptive capacity inferred from the density constraints (see Section 4.1) due to the high sensitivity of radiocarbon tracer. While C and metal distributions were slightly different, Hawaiian Andisols also showed the transfer of modern C to the highest density fraction (>2.4 g cm −3 ) when soils underwent land-use change from forest to high C input pasture system [41] . These results are in line with previous studies where plant-derived C was incorporated into mineral-associated C pool such as high-density fraction and clay-sized aggregates in relatively short time period possibly via DOC sorption or adhesion of microbial metabolites to the surface of organo-mineral aggregates [74] [75] [76] .
A Tentative Synthesis: Linking Aggregate Formation, Binding Agents, and OM Dynamics
We showed that OM-induced changes in organo-mineral (dis)aggregation as witnessed in the shift in particle density distribution (Sections 4.1 and 4.2) and that the variation in C stability (∆ 14 C) was largely controlled by the association with reactive metal phases and, to a limited extent, by old pyrogenic C (Section 4.3). We attempted to summarize the linkage between the two in a schematic figure (Figure 6 ). Continuum of soil organic, mineral, and organo-mineral particles along a density gradient at the intermediate hierarchy level was represented by cartoon particles. Progressive changes in OM composition (lowering of C:N ratio and ∆ 14 C as well as 15 N enrichment) along x-axes occurred in conjunction with the increase in particle density in y-axis due initially to the binding of young, plant-derived OM (and the metabolites of the microbes degrading the OM) with pre-existing mineral and organo-mineral particles (from low to mid-density range). At a later stage, the dominance of OM-poor, mineral-rich particles (from intermediate-to high-density range) resulted from the depletion of the organic binder and increasing contribution of the reactive metals and older C bound to them. Additional OM input in NT soil led to enhanced organic gluing effect, resulting in a shift in the particle density distribution from the dominance of mid-density fractions (dotted brown line along left y-axis, Figure 6 ) towards lower density (solid brown line) as shown in Figure 4c . It is also important to recognize the (dis)aggregation co-occurred with dynamic C transfers. A portion of the modern C newly added in NT soil moved to higher-density fractions up to F5 (NT vs. Till-1, Figure 2a ) at the same time as the formation of low-density aggregates that incorporated some of the mid-to high-density aggregates and their subunits (Figure 5a-c) .
Soil Syst. 2018, 2, x FOR PEER REVIEW 16 of 22 processes occurring at the intermediate and the lowest hierarchy level would be critical to explain the modern C flux into the mid-density, shaking resistant aggregates where the reactive metal phases appeared to be strongly bound to pre-existing OM. Figure 6 . Schematic of the inter-relationship of particle density with the changes in OM composition, aggregation mode and mass distribution after mechanical shaking at the intermediate level of aggregate hierarchy (Note: relative sizes of cartoon particles are inaccurate). OM entering to soil system as high C:N, lowest-density litter progressively experiences both microbial transformation (leading to N and 15 N enrichment) and mineral interaction (leading to the increase in net particle density). The latter process is assisted by increasing contents of the reactive metal phases as major binding agents. Additional OM input leads to greater organic binding effect, which results in a shift in the density distribution of shaking-resistant aggregates from the dominance of higher-density fractions (dotted line along left Y axis) towards lower-density aggregates (solid brown line). Note that the pyrogenic C present in low-density fractions (high C:N with older C age) cannot be depicted in this framework.
Concluding Remarks with Some Implications
The relationship between soil structural change and OM dynamics is difficult to examine because these two processes influence with each other. Our working hypothesis was that the aggregate hierarchy concept (distinctive roles for different types of binding agents) helps to tease a part the complex relationship. Andisol was used because two potentially important binding agents, OM and the reactive metal phases (e.g., organo-metal complexes and short-range-order minerals) are characteristically high.
By comparing the particle density distribution of four surface horizons, each representing different OM input regime with no replication, we found that relatively young C with higher C:N ratios acted as a major binding agent to form shaking-resistant, low-density aggregates (<2.0 g cm −3 ) at a decadal time scale. We thus concluded that such organic binding agent operated at the intermediate hierarchy level. The reactive metal phases did not show clear contribution at this level. Instead, the metal phases appeared to work at a lower hierarchy level (i.e., sonication-resistant aggregate formation, also see Asano et al. under review in current Special Issue) by binding with the OM characterized by older C (Δ 14 C of −82 to −170‰, equivalent to radiocarbon age of 600 to 1400 years) and lower C:N ratios (7.5-10.8). These results highlight the distinctive roles of the two binding agents ( Figure 6 , right side): organic binder (relatively young C) and reactive metal binder associated with older C. The former is linked to short-term OM dynamics whereas the latter appears to control the dynamics of sonication-resistant aggregates at a longer time scale. Further study to fully test these ideas is essential because we focused on one soil type and the changes along a TC concentration gradient without replication of each TC level. Figure 6 . Schematic of the inter-relationship of particle density with the changes in OM composition, aggregation mode and mass distribution after mechanical shaking at the intermediate level of aggregate hierarchy (Note: relative sizes of cartoon particles are inaccurate). OM entering to soil system as high C:N, lowest-density litter progressively experiences both microbial transformation (leading to N and 15 N enrichment) and mineral interaction (leading to the increase in net particle density). The latter process is assisted by increasing contents of the reactive metal phases as major binding agents. Additional OM input leads to greater organic binding effect, which results in a shift in the density distribution of shaking-resistant aggregates from the dominance of higher-density fractions (dotted line along left Y axis) towards lower-density aggregates (solid brown line). Note that the pyrogenic C present in low-density fractions (high C:N with older C age) cannot be depicted in this framework.
The interaction of OM with the reactive and other mineral phases occurring at lower hierarchy levels is beyond the scope of current study but critical better understand long-term OM stabilization. By a series of dispersion tests using Andisol surface horizons, we previously identified a maximum dispersion condition (sodium saturation followed by 5 kJ mL −1 sonication) which was regarded as the lowest hierarchy level operationally achievable [18] . The fundamental building blocks acting as highly persistent binding agents at this hierarchy level appeared to be nano-sized composites that are enriched in amorphous Al and Fe phases and potentially-labile OM (amide and carboxyl C) relatively depleted in radiocarbon content (Asano et al., submitted to current Special Issue in Soils). Such nanocomposites are likely to constitute the reactive metal binders depicted in Figure 6 . Bridging the processes occurring at the intermediate and the lowest hierarchy level would be critical to explain the modern C flux into the mid-density, shaking resistant aggregates where the reactive metal phases appeared to be strongly bound to pre-existing OM.
By comparing the particle density distribution of four surface horizons, each representing different OM input regime with no replication, we found that relatively young C with higher C:N ratios acted as a major binding agent to form shaking-resistant, low-density aggregates (<2.0 g cm −3 ) at a decadal time scale. We thus concluded that such organic binding agent operated at the intermediate hierarchy level. The reactive metal phases did not show clear contribution at this level. Instead, the metal phases appeared to work at a lower hierarchy level (i.e., sonication-resistant aggregate formation, also see Asano et al. under review in current Special Issue) by binding with the OM characterized by older C (∆ 14 C of −82 to −170‰, equivalent to radiocarbon age of 600 to 1400 years) and lower C:N ratios (7.5-10.8). These results highlight the distinctive roles of the two binding agents (Figure 6 , right side): organic binder (relatively young C) and reactive metal binder associated with older C. The former is linked to short-term OM dynamics whereas the latter appears to control the dynamics of sonication-resistant aggregates at a longer time scale. Further study to fully test these ideas is essential because we focused on one soil type and the changes along a TC concentration gradient without replication of each TC level.
Is density fractionation more effective than aggregate-or particle-size fractionation? In general, density-and size-based approaches can be used to gain complementary information on the dynamics of aggregates and OM. However, our previous and current results suggest that the answer depends on soil type (the composition of binding agents) and the aggregate hierarchy level (the degree of aggregate disruption) we chose to study. For Andisols (and presumably for other soils rich in reactive metal binder), aggregate-size fractionation at a high hierarchy level (by wet sieving) failed to detect the effect of OM management (Table S1 , also see Section 2.2) due to the abundance of both organic and reactive metal binders. Thus a commonly-used criteria of aggregate hierarchy used for soils of silicate clay mineralogy (i.e., higher C concentration and C:N ratio for larger-sized aggregates) was not applicable to Andisols [25, 77, 78] .
At the intermediate hierarchy level, our current results were comparable to previous findings from other soil types using size-based fractionation. The formation of OM-rich, low-density aggregates found here is analogous to macroaggregate formation (i.e., >250 µm isolated by wet sieving) upon OM input [4, 7, 8] . The density fractionation approach was therefore more effective to detect the OM-induced aggregation for the studied Andisol compared to the aggregate-size fractionation. Furthermore, the sequential density fractionation was clearly more effective in isolating the C pools of contrasting ∆ 14 C compared to aggregate-size fractionation for Hawaiian Andisols [41] . At lower or the lowest hierarchy level that can be reached by high sonication energy, the nature of strong organo-mineral associations was successfully studied by particle-size fractionation [18, 79] and by sequential density fractionation for Andisols [22] . Thus, the physical fraction method should be chosen by paying close attention to the soil type, aggregate hierarchy level (the degree of aggregate disruption), and specific question or hypothesis. When focusing on the intermediate level of hierarchy, our results and the literature showed that the OM-controlled (dis)aggregation processes are reversible in decadal time scale and further suggested that the shaking-resistant aggregates are present under a dynamic equilibrium state. The changes in OM input balance regulates the equilibrium state by changing the amounts, location and activity of organic binding agents thereby causing some re-assembly (aggregation and disaggregation) and directional shifts in particle density distribution ( Figure 6 ). The dynamic re-assembly of soil organic and mineral particles challenges the common assumption in the soil C modeling studies where kinetically-defined C pools are to be matched with specific soil physical fractions without considering the changes in mineral phases. Our approach, at the same time, may give useful data for soil structure-or particle-based models that are designed to model both physical structural changes and OM dynamics [5, 80, 81] . Table S1 : Mass recoveries, C and N concentrations and distributions after aggregate-size separation (by wet sieving) of conventional till (Till-1) and no-tillage (NT-a) samples. The data on Till is from [79] . Table S2 : The concentration of aluminum, silica, iron, and manganese extracted sequentially by pyrophosphate (PP), acid-oxalate (OX), and dithionite-citrate (DC) from each density fractions for the five soil samples studied.
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